short palindromic repeats) CAS9 (CRISPR-associated) opens the possibility to modify the metabolic pattern of Cannabis. One prerequisite is to establish a reliable transformation and regeneration protocol resulting in transgenic female Cannabis plants (▶ Fig. 1 ) that can be subsequently propagated via vegetative cuttings. Alternatively, one can make use of a different host producing the desired cannabinoids heterologously. This can be achieved by either transferring the cannabinoid pathway into a different host plant or in microorganisms like yeast. For the latter possibility, it was recently shown that the tetrahydrocannabinolic acid (THCA)forming enzyme [7] in combination with a soluble prenyltransferase can be simultaneously produced in Saccharomyces cerevisiae and Komagataella phaffii in their active form [8] . This marks an important step towards the total biosynthesis of cannabinoids in a microbial platform organism and was recently reviewed in detail elsewhere [9] .
Cannabis Cell Cultures
To reach high yields of secondary metabolites, plant cells are often cultivated as callus, hairy root, or cell suspension culture for biotechnological approaches.
However, with the intention to produce high amounts of cannabinoids with the use of cell culture systems, difficulties were reported in the past. Cannabinoids were neither detectable in C. sativa cell suspension cultures nor in callus cultures so far [10, 11] .
Additionally, it is documented that cannabigerolic acid (CBGA) and THCA were toxic to C. sativa cell suspension cultures at concentrations of 50 µM [12] . Furthermore, it could be shown that cannabichromenic acid (CBCA) and THCA caused cell death in Cannabis leaf cells and suspension cultures [13] . The toxicity of the cannabinoids might be the reason why they are produced and stored in glandular trichomes in C. sativa. Regarding an increased cannabinoid production, this would imply the generation of, for example, callus cultures with trichomes on their surface. Since now, nothing was reported toward this direction. Thus, cell culture systems do not seem to be the best strategy to produce high or selective yields of cannabinoids. It would be more efficient to use genetically engineered Cannabis plants for this purpose. Nevertheless, cell culture systems, especially callus cultures, represent the basis of plant regeneration, which would be necessary when following the mentioned strategy.
Callus cultures are described as undifferentiated totipotent cells derived from wounded plant tissue. The use of growth regulators like auxins and cytokinins can lead to a differentiation of the cells and might induce the growth of shoots or roots. Different studies on Cannabis cell culture systems have been already done (▶ Table 1 ). Successful callus induction for C. sativa could be shown by different working groups. By using different explants, callus induction was most efficient when using petioles as explants [14] . Feeney and Punja [15] used stem and leaf segments to produce callus cultures with kinetin and 2,4-dichlorophenoxy-▶ Fig. 1 Generation of transgenic Cannabis plants. The Cannabis leaves are transformed by Agrobacterium carrying CAS9 and sgRNA. Alternatively, leaves can be transformed before leaf discs are cut or callus cultures can be inoculated with Agrobacterium. Using Agrobacteria-delivering transient viral vectors, non-transgenic plants will be obtained. CRISPR: clustered regularly interspaced short palindromic repeats; CAS9: CRISPR-associated; PAM: protospacer adjacent motif; sgRNA: single guide RNA. acetic acid. A more detailed overview of Cannabis callus cultures was recently given elsewhere [16] . Callus cultures could be observed as well by the use of shoot tips of the plants and incubation on Murashige-Skoog medium with 6-benzylaminopurine and naphthaleneacetic acid.
Transgenic Cannabis Plants
With regard to use Cannabis plants for biotechnological processes to selectively produce cannabinoids or other useful products, a genetically engineered Cannabis plant would be desirable to reach these goals. In recent years, some transformation and plant regeneration studies were already done. The latter could be successfully shown by using petioles as explants and the growth regulator dicamba to initiate callus growth and induce shoots. However, the efficiency of completely regenerated plants was very low [14] . With the use of the cytokinin meta-topolin, the group of ElSohly [17] was successful. They were able to establish a one-step protocol for plant regeneration out of axillary bud explants with direct organogenesis. According to a patent application, regeneration of Cannabis plants was also possible by the use of hypocotyls as explant tissue. Regeneration was done in a combination of zeatin and 6-benzylaminopurine [18] . Moreover, plant regeneration was possible by using cotyledons as explants and a medium consisting of the synthetic cytokinin thidiazuron (TDZ) for shoot regeneration and indole-butyric acid for rooting of the plantlets [19] . Recently, scientist showed that using TDZ for plant regeneration causes high levels of DNA methylation in callus cultures. Additionally, methylation events were more polymorphic than in normal leaf tissue [20] . This leads to the production of plant variants in plant tissue culture. There is evidence that DNA methylation is involved in cell differentiation and gene regulation, which can lead, for example, to chromosome breakage or the activation of transposable elements [21, 22] This indicates that TDZ is not suitable as growth regulator for plant regeneration.
By now, transformation studies on Cannabis were exclusively done via Agrobacteria infiltration. Wahby et al. [23] used the hypocotyl of seedlings as explants for transformation with Agrobacterium tumefaciens as well as Agrobacterium rhizogenes. Transformation of the generated hairy root cultures could be verified by a β-glucuronidase reporter assay. Successful transformation of callus suspension cultures of hemp with A. tumefaciens could be shown as well. However, regeneration of plantlets from transformed calli was not yet achieved [24] . According to the mentioned patent application, transformation of Cannabis plants with A. tumefaciens was possible by the use of hypocotyls as explant tissue. Their application should be used to express fluorescent proteins or genetic markers in the plant [18] . Notably, when infiltrating Cannabis leaves with A. tumefaciens transformed with a plasmid carrying the green florescent protein (GFP) coding sequence, transient GFP expression could be observed within the cells after 3 d of incubation (▶ Fig. 2) . A detailed description of the used transformation method is given in the supporting information.
However, Cannabis is a dioecious plant and self-crossing to obtain non-transgenic plants that do not carry the integrated T-DNA ▶ Table 1 Overview of the current research on Cannabis cell culture, regeneration and transformation.
Cell culture system
Explant tissue Plant regeneration Transformation Reference callus young leaves, petioles, internodes, axillary buds yes no [14] callus, suspension cultures stem, leaves no yes [15] direct organogenesis nodal segments (axillary buds) yes no [49] callus leaves yes no [50] direct organogenesis axillary buds yes no [17] callus shoot tips yes yes [51] callus hypocotyl yes yes [18] callus cotyledons yes no [19] hairy roots hypocotyl no yes [23] suspension cultures leaves no no [10] callus leaves no no [11] suspension cultures stem, leaves no no [12] ▶ Fig. 2 Transient expression of GFP [48] in lower epidermal leaf cells of C. sativa 3 d after infiltration.
is not possible. One alternative would be to deliver the CRISPR CAS9/sgRNA cassette into the target cells by transient viral vectors. This would enable the generation of non-transgenic mutated plants [25] .
Heterologous Production of Cannabinoids in Tobacco
Plant synthetic biology is an emerging discipline [26] . To date, only a few examples are published, like the production of the cyanogenic glucoside dhurrin in Arabidopsis or the provitamin A biosynthesis in potato. Tobacco is the most commonly used model plant to produce proteins heterologously. Molecular genetics and the genetic transformation are well established even in chloroplasts [27] . Like C. sativa, tobacco has glandular trichomes on the surface of leaves. As already mentioned, this is important since the cannabinoids CBGA and THCA co-cultivated with tobacco and C. sativa cells caused cell death of all cells within 24 h [12] , suggesting that both substances are highly toxic. Therefore, a secretion of the THCAS into the secretory cavity of trichomes is mandatory for biotechnological approaches to ensure a high THCA titer. This can be achieved by using trichome-specific promoters as described for the engineering of triterpenes in Nicotiana tabacum trichomes [28] or the taxadiene synthase [29] . The cannabinoid biosynthetic pathway can be divided into the monoterpene (geranyldiphosphate [GPP]), polyketide (olivetolic acid [OA]), and an actual cannabinoid forming part (▶ Fig. 3) . The isoprene biosynthesis, the building blocks of monoterpenes, is realized in plants either by the mevalonate (MEV) or the 1-deoxy-D-xylulose 5-phosphate (DXP) pathway, whereas the latter is mainly involved in secondary metabolism [30] . The basal biosynthesis capacity of terpenoids in tobacco glandular trichomes is already powerful [31] . Nevertheless, several optimizations regarding an enhanced isopentenyl pyrophosphate production are described in literature. In general, they can be divided into two strategies: either the overexpression of one or more DXP-pathway genes in the chloroplasts [32] or the transfer of the MEV pathway to the chloroplasts. For instance, the transfer of the yeast MEV pathway into the chloroplast of transgenic tobacco plants resulted in a three-fold enhancement of isopentenyl pyrophosphate [33, 34] . The addition of a gene copy of a GPP synthase would lead to an enhanced production of GPP. Since isolated chloroplasts were shown to export GPP efficiently [35] , the following reaction step, the formation of CBGA by the fusion of the monoterpene GPP with the polyketide OA, could be transferred into the cytoplasm to enable a separation of the different building block synthesis.
OA synthesis could be achieved by integration of the C. sativa specific polyketide synthases olivetolsynthase and OA cyclase using three molecules malonyl-CoA and one molecule hexanoyl-CoA (▶ Fig. 3 ). Hexanoic acid can already be found in small amounts in tobacco [36] . Insertion of a gene copy of the hexanoyl-CoA synthase would probably enable the formation of the activated CoA thioester. One possibility to improve the hexanoic acid pool might be the transfer of an artificial hexanoic acid-forming pathway recently described in Kluyveromyces marxianus by integrating seven genes [37] . Another possibility would be to start the assembly of the C6 unit by a specialized hexanoate synthase from Aspergillus parasiticus [38] . The native prenyl transferase catalyzing the formation of CBGA, the central intermediate of the cannabinoid pathway, from GPP and OA is an integral membrane protein [39] . Recently, the use of the bacterial-soluble prenyltransferase NphB proved its capability for an application in the heterologous biosynthesis of cannabinoids [8] . This opens the possibility to avoid the challenging implementation of an integral membrane protein in the whole biosynthesis process. Since NphB was actively synthesized in the cytosol of eukaryotic yeast cells, the production of this enzyme in tobacco is likely feasible.
Finally, the formation of the different cannabinoids like THCA, cannabidiolic acid (CBDA) and CBCA can be achieved by the addition of one respective enzyme (▶ Fig. 3 ). First, THCAS expression studies in tobacco hairy root cultures were already performed, demonstrating that active enzyme can be produced in tobacco [40] . Subsequently, the THCAS was fused to GFP and expressed in transgenic tobacco plants [12] , revealing that the fusion protein was localized in the head cells of tobacco trichomes. Together, this makes tobacco a promising candidate to function as plantbased chassis organism for a heterologous cannabinoid production.
Alternative Platform Organisms
One major drawback of tobacco as pharmaceutical production chassis is the high nicotine and alkaloid content. Thus, alternative model plants possessing glandular trichomes like tomato seem to be a good alternative. Beside a well-established genetic toolbox, including CRISPR CAS9 [41] , trichome-specific promoters are available [42] . Nevertheless, glandular trichome specific engineering might be also feasible using cotton, mint, and basil [31] . The terpene biosynthesis capacity in many glandular trichomes is massive, but the biosynthesis of the polyketide OA has to be optimized in most of the plants. To the best of our knowledge, only the coding sequences of the Cannabis polyketide synthases are known so far. The genomic information of other phytocannabinoid-producing organisms like the liver moss Radula marginata [43, 44] or the lichen Pseudevernia furfuracea producing olivetoric acid [45] might provide better suited sequences to implement the production of OA in trichomes.
Conclusion and Future Directions
Although the Agrobacterium-mediated transformation of different Cannabis tissues is possible, some effort is needed to establish a plant regeneration protocol of the transgenic cells to obtain viable Cannabis plants. Once this is established, the use of genome editing tools will open the possibility to produce single cannabinoids in high concentrations or to modify the cannabinoid scaffold by adding so-called tailoring enzymes introducing hydroxyl, carbonyl, carboxyl, or glycosyl groups changing the pharmacological properties of the resulting cannabinoids. Moreover, the genetic modulation of the terpene and flavonoid compound profile in existing Cannabis plants, producing already high amounts of single canna-binoids, might provide a fast and easy method to alter the pharmacokinetics of THC and or CBD of these plants extracts [46, 47] .
The heterologous implementation of the whole cannabinoid biosynthetic pathway in other plants with glandular trichomes represents a promising alternative. The massive metabolic fluxes of these cell factories provide an excellent target for synthetic biology approaches. Since the biosynthesis rate of the isoprene building blocks is very high in many glandular trichomes, the reduction of the native terpene biosynthesis and the implementation of the polyketide biosynthesis pathway leading to OA remains to be established.
Supporting Information
A detailed description of the used transformation method is given in the supporting information.
